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Introduction

Ischemia/reperfusion injury (I/R) of the kidney allograft

has been considered to be one of the major deleterious

factors limiting the success of kidney transplantation

(KTx). I/R injury increases the risk of delayed graft func-

tion (DGF) and complicates early post-transplant recipi-

ent management. I/R injury also causes progressive graft

dysfunction with chronic fibroinflammatory changes and

impacts on long-term graft survival [1–3]. In the current

organ shortage era, the donor pool has been expanded

with an increasing use of kidneys from expanded criteria

donors (ECD) and donation after cardiac death (DCD).

As the marginal kidney grafts may suffer from significant

I/R injury and have a high incidence of DGF, strategies to

improve the quality of these grafts may have a significant

impact on short- and long-term outcomes after KTx.

In the conventional view, carbon monoxide (CO) is a

poison because of its ability to interfere with oxygen deliv-

ery in high concentrations. However, mammalian cells

endogenously generate low concentrations of CO primarily

via the catalysis of heme by hemeoxygenases (HO), and

the constitutive HO and endogenous generation of

CO have been shown to be an essential mechanism to
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Summary

Ischemia/reperfusion (I/R) injury remains as a serious deleterious factor in kid-

ney transplantation (KTx). We hypothesized that carbon monoxide (CO), an

endogenous potent cytoprotective molecule, inhibits hypothermia-induced

apoptosis of kidney grafts. Using the rat KTx model mimicking the conditions

of donation after cardiac death (DCD) as well as nontransplantable human

kidney grafts, this study examined effects of CO in preservation solution in

improving the quality of marginal kidney grafts. After cardiac cessation, rat

kidneys underwent 40 min warm ischemia (WI) and 24 h cold storage (CS) in

control UW or UW containing CO (CO-UW). At the end of CS, kidney grafts

in control UW markedly increased mitochondrial porin release into the cytosol

and resulted in increased cleaved caspase-3 and PARP expression. In contrast,

grafts in CO-UW had significantly reduced mitochondrial breakdown and cas-

pase pathway activation. After KTx, recipient survival significantly improved

with CO-UW with less TUNEL+ cells and reduced mRNA upregulation for

proinflammatory mediators (IL-6, TNF-a, iNOS). Furthermore, when non-

transplantable human kidney grafts were stored in CO-UW for 24 h, graft

PARP expression, TUNEL+ cells, and proinflammatory mediators were less

than those in control UW. CO in UW inhibited hypothermia-induced apopto-

sis and significantly improved kidney graft function and outcomes of KTx.
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maintain the integrity of the physiological function of

organs [4,5]. In fact, exogenously delivered CO at low

concentrations has been shown to provide cytoprotection

in numerous experimental injury models [6]. In the

experimental organ transplantation models, we have

shown that inhaled or ex vivo delivered CO prevents I/R

injury in various organ grafts [7]. In particular, CO effec-

tively inhibited renal I/R injury after KTx in rodents [8–

10] and large animals [11,12].

In this study, we expanded our research to explore the

capability of CO in preventing I/R injury in kidney grafts

obtained from DCD or ECD donors. We hypothesized

that CO in UW preservation solution could inhibit the

progression of injury in kidney grafts during the cold

storage (CS) period. Using the rodent model of KTx with

DCD donors, as well as human ECD kidney grafts that

were deemed nontransplantable, this study demonstrates

that ex vivo application of CO in UW CS solution inhib-

its apoptosis pathway activation during CS, reduces renal

I/R injury and improves early post-transplant kidney graft

function and recipient survival.

Materials and methods

Reagents

Rabbit polyclonal antibodies for cleaved caspase-3 (Cell

Signaling Technology, Danvers, MA, USA), poly (ADP-

ribose) polymerase (PARP) (Cell Signaling Technology),

porin (Calbiochem, Gibbstown, NJ, USA), and b-actin

(Sigma-Aldrich, St Louis, MO, USA), and mouse mono-

clonal antibody for gp91phox (BD Biosciences, San Jose,

CA, USA) were used. For secondary antibodies, goat anti-

rabbit or -mouse antibodies (Pierce Chemical, Rockford,

IL, USA) were used.

CO supplementation to UW solution

For each transplant experiment, 50 ml UW solution was

vigorously bubbled for 5 min at 4 �C with compressed

5% CO gas mixed in air (Valley National Gases, Pitts-

burgh, PA, USA) (CO-UW). CO solubility in CO-UW

was 40.6 ± 1.6 lmol/l [13].

Animals and KTx procedures with warm and cold

ischemia

Inbred male Lewis (RT.1l) rats weighing 200–250 grams

(Harlan Sprague Dawley, Inc., Indianapolis, IN, USA) were

maintained with a standard diet and water supplied ad lib-

itum. In the DCD KTx model under isoflurane anesthesia,

the left kidney, renal vessels and ureter were isolated via a

midline incision. After intravenous heparinization

(300 U), cardiac arrest was induced by opening the chest.

The cessation of the heart beat was observed within

3–5 min, and donor animals were kept for 40 min on a 37

degree pad [14,15]. The left kidney then was removed with

the left renal artery and a short aortic segment, and the left

renal vein with a patch of the vena cava. The excised graft

was flushed with and preserved in control UW or CO-UW

at 4 �C for 24 h. The kidney grafts were orthotopically

transplanted into syngeneic recipients by end-to-side anas-

tomoses between graft aorta and recipient infrarenal

abdominal aorta, and between graft renal vein and recipi-

ent infrarenal vena cava with end-to-end ureteral anasto-

mosis [8,9]. Both native kidneys were removed at the time

of KTx. All procedures were performed according to the

guidelines of the National Research Council’s Guide for

the Humane Care and Use of Laboratory Animals and

approved by the Institutional Animal Care and Use Com-

mittee at the University of Pittsburgh.

Kidney graft samples were obtained at the end of

40 min warm ischemia (WI) and at the end of 24 h CS,

as well as at 1, 3, 6, and 24 h after KTx. Samples were

fixed in 10% buffered formalin, or snap-frozen and stored

at )80 �C. In additional sets of experiments, recipient

animals were followed for 10 days to assess renal graft

function and animal survival.

Renal functions

Serum creatinine levels were measured using a Beckman

autoanalyzer (Beckman Instruments, Fullerton, CA, USA).

Histopathology and immunohistochemistry

Kidney graft tissues were fixed in 10% formalin, embed-

ded in paraffin, sectioned into 6 lm thickness, and

stained with hematoxylin and eosin (H&E). Paraffin-fixed

sections were also stained with anti-cleaved caspase-3

antibody and apoptotic cells were detected by the TUNEL

assay. Positively stained cells were counted in a blind

fashion in 10 random cortical high-power fields (·400)

per section. Masson’s trichrome stain was performed, and

positively stained fibrotic area in five random low-power

fields (·100) was morphometrically quantified using NIH

image software.

RNA extraction and SYBR Green real time RT-PCR

RNA was isolated from the kidney grafts and 3 lg of RNA

from each sample was used to generate first-strand cDNA

[8]. PCR reaction mixture was prepared using SYBR

Green PCR Master Mix (PE Applied Biosystems, Foster

City, CA, USA) using the previously published primers

[8], and PCR was performed with an ABI PRISM 7000

Sequence Detection System (PE Applied Biosystems). The
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expression of each target gene was normalized to house-

keeping GAPDH mRNA content and calculated relative

to normal kidney control using comparative Ct methods

[16,17].

Western blot analysis

Western blot analysis was performed using 50 lg of cyto-

plasmic, cytosolic, or mitochondrial protein from graft

tissues as previously described [18]. After the blocking

with nonfat dry milk, membranes were incubated over-

night with primary antibodies, followed with secondary

antibodies. Membranes were developed with the Super-

Signal� West Femto Maximum Sensitivity Substrate

detection systems (Pierce Chemical) and exposed to film.

The band intensities were measured by NIH Image Analy-

sis software.

Measurement of adenylates and their metabolites

Kidney samples were immediately frozen in liquid nitro-

gen until the extraction procedure. The frozen tissue was

homogenized in 1.0 ml of ice-cold 6% perchloric acid

containing 0.77 mM EDTA and centrifuged for 10 min at

10 000 g at 4 �C. The concentration of ATP, ADP, and

AMP, hypoxanthine, xanthine, and inosine were mea-

sured by HPLC at 254 nm (Waters, Inc., Milford, MA,

USA) and calculated from a standard curve constructed

with standard powders (>99% pure, Sigma-Aldrich) [19].

Tissue CO Contents

The tissue CO content was measured using homogenized

graft samples and TRI lyzer (Taiyo, Osaka, Japan) with

the method previously described [20]. The results were

expressed as picomoles of CO per milligram of tissue.

Human kidney grafts

Human kidney grafts that were deemed nontransplantable

were obtained from our local OPO and used for control

and CO-UW static storage experiments, which was

approved by the Committee for Oversight of Research

Involving the Dead (CORID) of the University of Pitts-

burgh and the Center for Organ Recovery & Education

(CORE). As soon as the nontransplantable kidney graft

became available for research, a baseline sample was

obtained. A catheter was inserted into the upper renal

arterial branch, and 100 ml CO-UW (10%) was perfused,

while the lower part of the kidney was perfused with

100 ml control UW. The kidney graft was split into upper

and lower portions, and stored for 24 h in CO-UW and

control UW solution respectively. After 24 h cold static

storage, kidney graft samples were obtained for CO con-

tents, histopathology, Western blot, and real time

RT-PCR. In addition, explants were obtained by precisely

cutting kidney grafts into 2.0 · 5.0 · 5.0 mm cubes using

straight adjustable tissue cutting channel TM-S-9 (Brain-

tree Scientific, Inc. Braintree, MA, USA), and incubated

in 12-well plates with 1.0 ml of Dulbecco’s Modified

Eagle’s Medium, supplemented with 4.5 g/l glucose,

2 mM, L-glutamine, 5% FBS, 0.4 IE/ml insulin, 20 mM

HEPES, and 50 lg/ml gentamycin. Plates were cultured

for 3, 6, and 12 h at 37 �C under gentle shaking in a con-

ventional 5% CO2 incubator [21]. In this human kidney

study, we used one kidney graft for both control UW and

CO-UW to have the same baseline values, as histopatho-

logical findings were different between two kidneys from

the same donor. Proper perfusion with control UW and

CO-UW was confirmed by measuring tissue CO levels.

Statistical analysis

Data are represented as the mean ± SD. Comparisons

between groups at different time points were performed

using Student’s t-test or anova. Graft survivals were plot-

ted with the Kaplan–Meier method, and the difference

among groups was analyzed using the log-rank test. Dif-

ferences were considered significant at a P-value < 0.05.

Results

CO inhibits apoptosis in kidney grafts during CS

Mitochondria contain many pro-apoptotic proteins (e.g.

AIF, cytochrome c), and stress/injury has been shown to

induce pore formation in the mitochondrial membrane,

release mitochondrial proteins to the cytosol, and activate

apoptosis pathways [22,23]. To determine whether CS-

induced mitochondrial protein release in kidney grafts,

the cytosol protein fraction was obtained from kidney

grafts and expression of porin was examined. Although

porin expression was not evident in normal kidney cyto-

sol samples, 40 min WI or 24 h CS in control UW solu-

tion alone resulted in increases of porin in cytosol

protein fractions. WI followed by CS in control UW

strikingly increased porin expressions. In contrast, porin

release was significantly inhibited in WI followed by CS

in CO-UW (Fig. 1). Subsequent activation of apoptosis

pathways was analyzed by cleaved caspase-3 and PARP

expression in kidney graft cytoplasmic proteins. Marginal

expression of cleaved caspase 3 in kidney grafts after WI

or CS was significantly augmented after WI plus CS in

control UW, while CO-UW showed reduced expression.

Likewise, cleaved PARP expression at the end of CS was

significantly inhibited with CO-UW compared to control

UW (Fig. 1a and b).
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NADPH oxidase plays a crucial role in generating

superoxide, and gp91phox, a membrane-bound subunit of

NADPH oxidase, has been shown to be an oxidative

stress marker [24]. Western blot analysis revealed that

during WI and/or CS, gp91phox expression was not

altered in kidney grafts. However, when grafts were kept

in CO-UW, gp91phox expression was significantly

reduced when compared to that in control UW (Fig. 1a

and b).

Numerous TUNEL-positive cells were found in kidney

grafts before transplantation, when kidney grafts under-

went 40 min WI and were preserved in control UW for

24 h. Grafts stored in CO-UW had significantly less apop-

totic cells when compared to those stored in control UW

(Fig. 1c). The majority of TUNEL+ cells were tubular

epithelial cells (arrows, Fig. 1c).

Energy status and adenylate (ATP, ADP, and AMP)

levels

Kidney samples at the end of CS were also analyzed

with HPLC for adenylates and their metabolite levels.

Compared to naı̈ve kidneys, ATP, ADP, and AMP levels

were significantly reduced in grafts after WI and 24 h

CS in control UW. CO-UW did not affect kidney graft

energy status, and there were no differences between

control UW and CO-UW (Fig. 2a). Likewise, WI plus

CS resulted in accumulations of metabolites, and both

control UW and CO-UW resulted in increased hypoxan-

tine, xantine, inosine, and adenosine tissue levels before

KTx (Fig. 2b).

These results suggest that the combination of WI and

CS induces significant kidney damage as evident by

marked releases of mitochondrial porins into the cytosol

and increased expression of cleaved caspase-3 and PARP.

CS of grafts in CO-UW effectively reduced mitochondrial

breakdown and caspase pathway activation.

CO in UW improves kidney graft function after KTx

To evaluate the protective effects of CO-UW during CS

period on post-transplant renal function, rat kidney grafts

underwent WI and CS in control UW or CO-UW and

then were transplanted into syngeneic recipients. Serum

creatinine levels promptly increased in control UW group

after KTx and reached 7.9 ± 2.1 mg/dl on day 3 (Fig. 3a).

In contrast, CO-UW group showed significantly lower

peak creatinine levels (4.6 ± 2.1 mg/dl at day 2). Accord-

ingly, the majority of animals in control UW group died

within 7 days, and only two of six survived for 10 days.

In contrast, all six animals survived for 10 days in

CO-UW group (Fig. 3b). H&E stain and Masson’s tri-

chrome stain of the kidney graft samples obtained from
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Figure 1 CO in UW inhibits mitochondria breakdown and apoptosis

induction in kidney grafts during cold storage. (a) Cytoplasmic, cyto-

solic and mitochondrial protein fractions from kidney grafts were ana-

lyzed in Western blot for mitochomdrial porin (cytosolic fractions),

cleaved caspase 3, cleaved PARP and gp91phox (cytoplasmic fractions).

Kidney grafts were obtained after 40 min warm ischemia (WI), 24 h

cold storage in control UW (CS), or 40 min WI followed by 24 h CS in

control UW (WI + CS UW) or in CO-UW (WI + CS CO-UW). Represen-

tative experiment is shown. (b) Band intensities were quantified and

expressed as ratios to those of b-actin. (c) TUNEL analysis of kidney

grafts. Positively stained cells (arrows, brown) in kidney grafts were

counted in 10 randomly selected high power fields (·400) per each

section. *P < 0.05 using n = 3–4 samples for each group. PC, positive

control; NL, normal rat kidney.
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surviving animals at 10 days after transplantation revealed

that interstitial infiltration and tubular loss were more

prominent in control UW than in CO-UW group and

that interstitial fibrosis was significantly less in CO-UW

than in UW group (25.1 ± 2.4 vs. 36.5 ± 4.1%, P < 0.005

(Fig. 3c).

CO in UW reduces apoptosis after KTx

TUNEL stain of kidney grafts after KTx showed numer-

ous TUNEL+ tubular epithelial cells; however, the num-

bers of TUNEL+ cells at 3 h after KTx were significantly

lower in CO-UW group (Fig. 4a).

CO in UW inhibits proinflammatory responses in ECD

kidney grafts

Storage of kidney grafts with WI and CS in CO-UW

resulted in a significant reduction of mRNA upregulation

for proinflammatory cytokines. IL-1b, IL-6, IL-8, TNF-a,

IFN-c, and iNOS mRNA levels peaked at 3 h after KTx

in control UW group. CO-UW group showed signifi-

cantly lower mRNA levels for IL-1b, IL-6, IFN-c, and

iNOS (Fig. 4b).

Human kidneys exposed to CO-UW show less apoptosis

pathway activation

To further evaluate if storage of human kidney grafts in

CO-UW can inhibit apoptosis during CS, we stored five

nontransplantable kidney grafts in control UW or CO-

UW solution for 24 h. Donor ages were 68 ± 27 years old

with serum creatinine levels of 1.6 ± 1.3 mg/dl. The cause

of death was CVA, and graft biopsy showed 13.6 ± 7.6%

glomerulosclerosis with moderate arteriosclerosis and

interstitial fibrosis. The human kidney grafts became

available 13.5 ± 3.9 h after graft retrieval and static stor-

age. Tissue CO contents increased after 24 h storage in

CO-UW to 2.66 ± 1.37 pmol/mg, while those with con-

trol UW were 0.81 ± 0.18 pmol/mg (Fig. 5a). Kidney

grafts showed some levels of cleaved caspase-3 and PARP

expression when they became available for research. After

an additional storage for 24 h, kidney portions stored in

control UW showed a 20% increment of cleaved caspase-

3 expression compared to pre-treated samples (Fig. 5b).

CS in CO-UW resulted in slightly less cleaved caspase-3

expression. PARP expression was reduced in 4% in grafts

preserved in UW solution and 14% reduction in those in

CO-UW (Fig. 5b).

After explant culture for 3–12 h, there were signifi-

cantly fewer TUNEL-positive cells when kidneys were pre-

served in CO-UW compared to control UW (Fig. 5c). In

addition, peak mRNA levels for TNF-a and IL-6 were

lower with CO-UW than with control UW after explant

culture for 3 and 6 h respectively (Fig. 5d).

Discussion

Kidney transplantation has become an established thera-

peutic choice providing improved longevity and quality

of life for patients with end-stage renal disease. Unfortu-

nately, however, there is a shortage in the supply of kid-

neys available for transplantation, and the waiting list and

wait-list times have been growing. The condition of the

patients waiting for a kidney transplant can deteriorate,

resulting in an increased mortality while waiting for a

transplant [25,26]. Although the serious discrepancy

between organ supply and demand is recognized, many

recovered kidneys are still discarded because of the higher

risks of graft loss with marginal donor kidneys [27,28]. In

an effort to increase the donor pool, the use of kidneys

from ECD/DCD has become common. Although these

marginal kidneys are shown to be inferior to standard cri-

teria donor kidneys, they still provide a survival advan-

tage over maintenance dialysis [29]. Therapeutic strategies

that could suppress the deterioration of marginal kidney

grafts during cold preservation before transplantation
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might increase safe use of marginal kidneys and reduce

discard rates of kidney grafts.

The current study demonstrates that CO added into

UW preservation solution protects marginal kidney grafts

against hypothermia/hypoxia-induced graft injury during

the CS period. In the rat model of DCD kidney grafts with

40 min WI and 24 h CS, ex vivo treatment of kidney grafts

with CO in UW preservation solution controlled destruc-

tive mitochondrial breakdown and caspase pathway activa-

tion during CS and improved graft quality prior to KTx.

Beneficial effects of ex vivo CO treatment of kidney grafts

were evident after KTx with reduced early mRNA upregu-

lation for proinflammatory mediators and less TUNEL+

cells in kidney grafts. More importantly, renal graft func-

tion and survival were significantly improved with CO-

UW. Furthermore, when the study was extended to human

kidney grafts deemed nontransplantable, CO in UW solu-

tion was able to inhibit apoptosis progression in human

kidneys during CS, suggesting that CO might improve the

quality of DCD/ECD kidney grafts and could be used as a

strategy to improve outcomes of KTx.

Although graft reperfusion is a crucial event to display

the graft injury, the initiation of the I/R injury process

takes place at a much earlier stage of the transplant pro-

cedure. Among many damaging processes associating with

KTx, the hypothermic/hypoxic condition during CS is

crucial in initiating the injury process in the grafts. Cold

perfusion and preservation of organ grafts are the princi-

pal modalities to slow down cell metabolism and decrease

oxygen and energy consumption; however, hypothermic

condition per se induces losses of ionic homeostasis,

membrane integrity, and membrane-associated trans-

porter and enzyme functions, resulting in metabolic,

structural, and functional cell injury [30–32]. In various

types of cultured cells, including renal tubular epithelial

cells, hypothermia has been shown to induce apoptosis by

increasing the opening of the permeability transition

pores and subsequent mitochondrial swelling, generation
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of ROS, and direct DNA damage, as well as an activation

of proteasomes and serine proteases [33–36]. Accordingly,

the CS procedure significantly affects organ graft viability

before graft reperfusion. Previous experimental studies

have shown that prolonged cold ischemia increased apop-

totic cell death in organ grafts, such as the kidney, liver,

and lung [34,37,38]. Furthermore, caspase inhibitors

added into cold preservation solution have been shown to

inhibit the apoptotic process, reduce I/R injury, and

improve graft function [37,38]. Moreover, clinical studies

demonstrate that increased frequencies of apoptotic renal

tubular epithelial cells in kidney graft biopsies before

transplantation are associated with the development of

DGF [39,40]. Thus, activation of apoptosis during CS

plays a significant role in transplant-induced I/R injury

and post-transplant graft function. As I/R injury is a cas-

cade of inter-related events with ongoing augmentation of

injury, early therapeutic intervention in the process could

have significant effects in ameliorating injury and improv-

ing outcomes.

As CO has a strong affinity to transition metals, the

major molecular targets of CO most likely are iron, the

most abundant element of the body’s transition metals.

Thus, the mechanisms by which CO inhibits hypother-

mia-induced apoptosis and I/R injury in this study could

involve the binding of CO to iron or other transition

metals in kidney grafts during CS. CO has been shown to

inhibit both intrinsic and extrinsic apoptotic signaling by

inhibiting cytochrome c release, ROS generation, and cas-

pase activation, as well as by inhibiting the activation of

Bcl-2-related proteins of Bid and Bax, while promoting

Bcl-XL/Bax interaction and Bad phosphorylation in the

model of hyperoxia-induced endothelial cell death [41].

Further studies to explore the binding sites of CO and

mechanisms of anti-apoptotic function of CO in the ECD

kidney model are warranted. Recent studies have shown

that pulsatile perfusion of kidney grafts significantly

reduces the risk of DGF and improves 1-year survival

[42–44], and application of therapeutic agents, such as

CO, during the machine perfusion would also be interest-

ing future studies.

The experiment in this study was designed to examine

effects of CO on I/R injury without any additional factor

influencing the endpoints, such as immunosuppression

and alloantigens. However, these factors are unavoidably

involved in clinical transplantation and could significantly

influence I/R injury and graft outcomes. It has been shown

that immunosuppressive drugs, in particular carcineurin

inhibitors have beneficial effects during warm and cold I/R

injury in extrarenal organs. Particularly, hepatic cold I/R

injury in liver grafts can be significantly ameliorated with

tacrolimus and cyclosporine [45,46]. In contrast, studies
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examining effects of carcineurin inhibitors on renal I/R

injury show contradictory results depending on the treat-

ment protocols. Although brief administration of carci-

neurin inhibitors shows protective effects [47–49],

prolonged use of these drugs, as well as rapamycin and

MMF has been shown to increase renal injury, most likely

because of their toxicity to kidneys and interference on

repair process [50–52]. CO has been shown to exert pro-

tection against nephrotoxic side effects caused by cisplatin

[53], and further studies are warranted to determine if CO

can protect kidney grafts under immunosuppression.

In summary, the study demonstrates that tissue damage

in DCD kidney grafts was substantially augmented during

CS. CO in UW solution inhibited mitochondrial damage

and caspase pathway activation during CS and resulted in

significant amelioration of inflammatory responses and

apoptosis after transplantation. Renal graft function and

animal survival were significantly improved when kidney

grafts were exposed to CO during CS. CO in UW may

improve the quality of ECD kidney grafts and reduce the

incidence of DGF.

Authorship

KSO, JY, RS, FGL, APS and NM: participated in research

design. KSO, JY, RS, FGL, APS and NM: participated in

the writing of the paper. KSO, JY, SU, GLP, NG, RS, LYL

and NM: participated in the performance of the research.

KSO and NM: contributed new reagents or analytic tools.

KSO, JY, SU, GLP, NG, LYL and NM: participated in

data analysis.

Funding

This work was supported by the National Institutes of

Health Grant DK071753 and CAPES (Coordenacao de

Aperfeicoamento de Pessoal de Nivel Superior), Ministe-

rio da Educacao, Brasilia, DF, Brazil. BEX 0661/08-2.

Acknowledgements

We thank Mike Tabacek and Lisa Chedwick for their

excellent technical support; the Center for Organ Recov-

ery and Education (CORE); and Carla Forsythe for the

preparation and organization of the manuscript.

References

1. Quiroga I, McShane P, Koo DD, et al. Major effects of

delayed graft function and cold ischaemia time on renal

allograft survival. Nephrol Dial Transplant 2006; 21: 1689.

2. Mikhalski D, Wissing KM, Ghisdal L, et al. Cold ischemia

is a major determinant of acute rejection and renal graft

survival in the modern era of immunosuppression. Trans-

plantation 2008; 85(7 Suppl.): S3.

3. Coulson MT, Jablonski P, Howden BO, Thomson NM,

Stein AN. Beyond operational tolerance: effect of ischemic

injury on development of chronic damage in renal grafts.

Transplantation 2005; 80: 353.

4. Tenhunen R, Marver HS, Schmid R. The enzymatic con-

version of heme to bilirubin by microsomal heme oxygen-

ase. Proc Natl Acad Sci USA 1968; 61: 748.

5. Verma A, Hirsch DJ, Glatt CE, Ronnett GV, Snyder SH.

Carbon monoxide: a putative neural messenger. Science

1993; 259: 381.

6. Ryter SW, Alam J, Choi AM. Heme oxygenase-1/carbon

monoxide: from basic science to therapeutic applications.

Physiol Rev [Research Support, N.I.H., Extramural

Research Support, Non-U.S. Gov’t Review] 2006; 86: 583.

7. Nakao A, Choi AM, Murase N. Protective effect of carbon

monoxide in transplantation. J Cell Mol Med 2006; 10:

650.

8. Neto JS, Nakao A, Kimizuka K, et al. Protection of trans-

plant-induced renal ischemia-reperfusion injury with car-

bon monoxide. Am J Physiol Renal Physiol 2004; 287:

F979.

9. Nakao A, Faleo G, Shimizu H, et al. Ex vivo carbon mon-

oxide prevents cytochrome P450 degradation and ische-

mia/reperfusion injury of kidney grafts. Kidney Int 2008;

74: 1009.

10. Faleo G, Neto JS, Kohmoto J, et al. Carbon monoxide

ameliorates renal cold ischemia-reperfusion injury with an

upregulation of vascular endothelial growth factor by acti-

vation of hypoxia-inducible factor. Transplantation

[Research Support, N.I.H., Extramural] 2008; 85: 1833.

11. Yoshida J, Ozaki K, Nalesnik M, et al. Ex vivo application

of carbon monoxide in UW solution prevents transplant-

induced renal ischemia/reperfusion injury in pigs. Am J

Transplant 2010; 10: 763.

12. Hanto DW, Maki T, Yoon MH, et al. Intraoperative

administration of inhaled carbon monoxide reduces

delayed graft function in kidney allografts in Swine. Am J

Transplant 2010; 10: 2421.

Figure 5 Cold storage (CS) of human kidneys in CO-UW. As soon as nontransplantable human kidney grafts (n = 5) became available, samples

were obtained (pre). Upper and lower portions of the kidney grafts were then perfused with control UW (UW) and CO containing UW (CO-UW),

and stored with respective solutions for 24 h. (a) Kidney graft samples were obtained at the end of 24 h CS and analyzed for tissue CO contents.

(b) Western blot was performed to detect cleaved caspase 3 and cleaved PARP. Portions of kidney grafts after 24 h storage were also used for

explant culture for 3–12 h and analyzed for (c) TUNEL analysis (6 and 12 h), and (d) proinflammatory cytokine mRNA levels using RT-PCR at 3 h

(TNF-a) and 6 h (IL-6). Representative images of TUNEL+ cells in kidney grafts preserved in control UW or CO-UW for 24 h and cultured for 6 h.

Original magnification ·100, insert ·400.

Ozaki et al. Renal ischemia/reperfusion injury and carbon monoxide

ª 2011 The Authors

Transplant International ª 2011 European Society for Organ Transplantation 25 (2012) 107–117 115



13. Nakao A, Toyokawa H, Tsung A, et al. Ex vivo application

of carbon monoxide in University of Wisconsin solution

to prevent intestinal cold ischemia/reperfusion injury. Am

J Transplant 2006; 6: 2243.

14. Fabre E, Conti M, Paradis V, et al. Impact of different

combined preservation modalities on warm ischemic kid-

neys: effect on oxidative stress, hydrostatic perfusion char-

acteristics and tissue damage. Urol Res 2002; 30: 89.

15. Maathuis MH, Ottens PJ, van Goor H, et al. Static cold

storage preservation of ischemically damaged kidneys. A

comparison between IGL-1 and UW solution. Transpl Int

2008; 21: 473.

16. Cikos S, Bukovska A, Koppel J. Relative quantification of

mRNA: comparison of methods currently used for real-

time PCR data analysis. BMC Mol Biol 2007; 8: 113.

17. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by

the comparative C(T) method. Nat Protoc 2008; 3: 1101.

18. Kaizu T, Ikeda A, Nakao A, et al. Protection of transplant-

induced hepatic ischemia/reperfusion injury with carbon

monoxide via MEK/ERK1/2 pathway downregulation. Am

J Physiol Gastrointest Liver Physiol 2008; 294: G236.

19. Hamamoto I, Takaya S, Todo S, et al. Can adenine nucle-

otides predict primary nonfunction of the human liver

homograft? Transpl Int 1994; 7: 89.

20. Ikeda A, Ueki S, Nakao A, et al. Liver graft exposure to

carbon monoxide during cold storage protects sinusoidal

endothelial cells and ameliorates reperfusion injury in rats.

Liver Transpl 2009; 15: 1458.

21. Volkmann X, Fischer U, Bahr MJ, et al. Increased hepato-

toxicity of tumor necrosis factor-related apoptosis-inducing

ligand in diseased human liver. Hepatology 2007; 46: 1498.

22. Halestrap AP, Clarke SJ, Javadov SA. Mitochondrial per-

meability transition pore opening during myocardial reper-

fusion–a target for cardioprotection. Cardiovasc Res 2004;

61: 372.

23. Tsujimoto Y, Shimizu S. Role of the mitochondrial mem-

brane permeability transition in cell death. Apoptosis 2007;

12: 835.

24. Liu H, Jia Z, Soodvilai S, et al. Nitro-oleic acid protects

the mouse kidney from ischemia and reperfusion injury.

Am J Physiol Renal Physiol 2008; 295: F942.

25. Wolfe RA, Ashby VB, Milford EL, et al. Comparison of

mortality in all patients on dialysis, patients on dialysis

awaiting transplantation, and recipients of a first cadaveric

transplant. N Engl J Med 1999; 341: 1725.

26. Delmonico FL, McBride MA. Analysis of the wait list and

deaths among candidates waiting for a kidney transplant.

Transplantation [Research Support, U.S. Gov’t, P.H.S.]

2008; 86: 1678.

27. Merion RM. What can we learn from discarded deceased

donor kidneys? Transplantation [Comment] 2006; 81: 973.

28. Sung RS, Galloway J, Tuttle-Newhall JE, et al. Organ

donation and utilization in the United States, 1997-2006.

Am J Transplant 2008; 8: 922.

29. Ojo AO, Hanson JA, Meier-Kriesche H, et al. Survival in

recipients of marginal cadaveric donor kidneys compared

with other recipients and wait-listed transplant candidates.

J Am Soc Nephrol 2001; 12: 589.

30. Kruuv J, Glofcheski D, Cheng KH, et al. Factors influenc-

ing survival and growth of mammalian cells exposed to

hypothermia. I. Effects of temperature and membrane lipid

perturbers. J Cell Physiol 1983; 115: 179.

31. Rauen U, Reuters I, Fuchs A, de Groot H. Oxygen-free

radical-mediated injury to cultured rat hepatocytes during

cold incubation in preservation solutions. Hepatology 1997;

26: 351.

32. Camara AK, Riess ML, Kevin LG, Novalija E, Stowe DF.

Hypothermia augments reactive oxygen species detected in

the guinea pig isolated perfused heart. Am J Physiol Heart

Circ Physiol 2004; 286: H1289.

33. Salahudeen AK, Huang H, Joshi M, Moore NA, Jenkins

JK. Involvement of the mitochondrial pathway in cold

storage and rewarming-associated apoptosis of human

renal proximal tubular cells. Am J Transplant 2003; 3: 273.

34. Kerkweg U, Li T, de Groot H, Rauen U. Cold-induced apop-

tosis of rat liver cells in University of Wisconsin solution:

the central role of chelatable iron. Hepatology 2002; 35: 560.

35. Doeppner TR, Grune T, de Groot H, Rauen U. Cold-

induced apoptosis of rat liver endothelial cells: involve-

ment of the proteasome. Transplantation 2003; 75: 1946.

36. Tian T, Lindell SL, Henderson SC, Mangino MJ. Protective

effects of ezrin on cold storage preservation injury in the

pig kidney proximal tubular epithelial cell line (LLC-PK1).

Transplantation 2009; 87: 1488.

37. Jani A, Ljubanovic D, Faubel S, Kim J, Mischak R, Edel-

stein CL. Caspase inhibition prevents the increase in cas-

pase-3, -2, -8 and -9 activity and apoptosis in the cold

ischemic mouse kidney. Am J Transplant 2004; 4: 1246.

38. Quadri SM, Segall L, de Perrot M, et al. Caspase inhibition

improves ischemia-reperfusion injury after lung transplan-

tation. Am J Transplant 2005; 5: 292.

39. Oberbauer R, Rohrmoser M, Regele H, Muhlbacher F,

Mayer G. Apoptosis of tubular epithelial cells in donor

kidney biopsies predicts early renal allograft function. J

Am Soc Nephrol 1999; 10: 2006.

40. Schwarz C, Hauser P, Steininger R, et al. Failure of BCL-2

up-regulation in proximal tubular epithelial cells of donor

kidney biopsy specimens is associated with apoptosis and

delayed graft function. Lab Invest 2002; 82: 941.

41. Wang X, Wang Y, Kim HP, Nakahira K, Ryter SW, Choi

AM. Carbon monoxide protects against hyperoxia-induced

endothelial cell apoptosis by inhibiting reactive oxygen

species formation. J Biol Chem 2007; 282: 1718.

42. Moers C, Smits JM, Maathuis MH, et al. Machine perfu-

sion or cold storage in deceased-donor kidney transplanta-

tion. N Engl J Med 2009; 360: 7.

43. Treckmann J, Moers C, Smits JM, et al. Machine perfusion

versus cold storage for preservation of kidneys from

Renal ischemia/reperfusion injury and carbon monoxide Ozaki et al.

ª 2011 The Authors

116 Transplant International ª 2011 European Society for Organ Transplantation 25 (2012) 107–117



expanded criteria donors after brain death. Transpl Int

2011; 24: 548.

44. Yuan X, Theruvath AJ, Ge X, et al. Machine perfusion

or cold storage in organ transplantation: indication,

mechanisms, and future perspectives. Transpl Int 2010;

23: 561.

45. St Peter SD, Moss AA, Mulligan DC. Effects of tacroli-

mus on ischemia-reperfusion injury. Liver Transpl 2003;

9: 105.

46. Sakr MF, Zetti GM, Hassanein TI, et al. FK 506 amelio-

rates the hepatic injury associated with ischemia and rep-

erfusion in rats. Hepatology 1991; 13: 947.

47. Sakr M, Zetti G, McClain C, et al. The protective effect of

FK506 pretreatment against renal ischemia/reperfusion

injury in rats. Transplantation 1992; 53: 987.

48. Reutzel-Selke A, Zschockelt T, Denecke C, et al. Short-

term immunosuppressive treatment of the donor amelio-

rates consequences of ischemia/reperfusion injury and

long-term graft function in renal allografts from older

donors. Transplantation 2003; 75: 1786.

49. Cicora F, Lausada N, Vasquez DN, et al. Protective effect

of immunosuppressive treatment before orthotopic kidney

autotransplantation. Transpl Immunol 2011; 24: 107.

50. Ninova D, Covarrubias M, Rea DJ, Park WD, Grande JP,

Stegall MD. Acute nephrotoxicity of tacrolimus and siroli-

mus in renal isografts: differential intragraft expression of

transforming growth factor-beta1 and alpha-smooth mus-

cle actin. Transplantation 2004; 78: 338.

51. Ysebaert DK, De Greef KE, Vercauteren SR, et al. Effect of

immunosuppression on damage, leukocyte infiltration, and

regeneration after severe warm ischemia/reperfusion renal

injury. Kidney Int 2003; 64: 864.

52. Yang B, Jain S, Pawluczyk IZ, et al. Inflammation and cas-

pase activation in long-term renal ischemia/reperfusion

injury and immunosuppression in rats. Kidney Int 2005;

68: 2050.

53. Tayem Y, Johnson TR, Mann BE, Green CJ, Motterlini R.

Protection against cisplatin-induced nephrotoxicity by a

carbon monoxide-releasing molecule. Am J Physiol Renal

Physiol 2006; 290: F789.

Ozaki et al. Renal ischemia/reperfusion injury and carbon monoxide

ª 2011 The Authors

Transplant International ª 2011 European Society for Organ Transplantation 25 (2012) 107–117 117


